Differential localization of vacuolar H+-ATPases containing a1, a2, a3, or a4 (ATP6V0A1-4) subunit isoforms along the nephron by Schulz, N et al.
University of Zurich
Zurich Open Repository and Archive
Winterthurerstr. 190
CH-8057 Zurich
http://www.zora.uzh.ch
Year: 2007
Differential localization of vacuolar H+-ATPases containing a1,
a2, a3, or a4 (ATP6V0A1-4) subunit isoforms along the nephron
Schulz, N; Dave, M H; Stehberger, P A; Chau, T; Wagner , C A
Schulz, N; Dave, M H; Stehberger, P A; Chau, T; Wagner , C A (2007). Differential localization of vacuolar
H+-ATPases containing a1, a2, a3, or a4 (ATP6V0A1-4) subunit isoforms along the nephron. Cellular Physiology
and Biochemistry, 20(1-4):109-120.
Postprint available at:
http://www.zora.uzh.ch
Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.uzh.ch
Originally published at:
Cellular Physiology and Biochemistry 2007, 20(1-4):109-120.
Schulz, N; Dave, M H; Stehberger, P A; Chau, T; Wagner , C A (2007). Differential localization of vacuolar
H+-ATPases containing a1, a2, a3, or a4 (ATP6V0A1-4) subunit isoforms along the nephron. Cellular Physiology
and Biochemistry, 20(1-4):109-120.
Postprint available at:
http://www.zora.uzh.ch
Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.uzh.ch
Originally published at:
Cellular Physiology and Biochemistry 2007, 20(1-4):109-120.
Differential localization of vacuolar H+-ATPases containing a1,
a2, a3, or a4 (ATP6V0A1-4) subunit isoforms along the nephron
Abstract
Vacuolar H(+)-ATPase are multi-subunit containing pumps important for several processes along the
nephron such as receptor mediated endocytosis, acidification of intracellular organelles, bicarbonate
reabsorption and secretion, and H(+)- extrusion. Mutations in the human a4 (ATP6V0A4) subunit cause
distal renal tubular acidosis (dRTA). There are 4 known isoforms of the 'a' subunit (a1-a4). Here we
investigated the expression and localization of all four isoforms in mouse kidney. Real-time PCR
detected mRNAs encoding all four 'a' isoforms in mouse kidney with a relative abundance in the
following order: a4>a2=a1>a3. Immunolocalization demonstrated expression of all 'a' subunits in the
proximal tubule and in the intercalated cells of the collecting system. In intercalated cells a1 and a4
isoforms appeared on both the apical and basolateral side and were expressed in all subtypes of
intercalated cells. In contrast, a2, and a3 were only found in the apical membrane. a1 and a4 were
colocalized in the same cells with AE1 or pendrin, whereas a2 was only found in AE1 positive cells but
absent from pendrin expressing intercalated cells. These results suggest that vacuolar H(+)-ATPases
containing different 'a' isoforms may serve specific and distinct functions and may help explaining why
loss of the a4 isoform causes only dRTA without an apparent defect in the proximal tubule.
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Abstract
Vacuolar H+-ATPase are multi-subunit containing
pumps important for several processes along the
nephron such as receptor mediated endocytosis,
acidification of intracellular organelles, bicarbonate
reabsorption and secretion, and H+- extrusion.
Mutations in the human a4 (ATP6V0A4) subunit
cause distal renal tubular acidosis (dRTA). There are
4 known isoforms of the ‘a’ subunit (a1-a4). Here we
investigated the expression and localization of all four
isoforms in mouse kidney. Real-time PCR detected
mRNAs encoding all four ‘a’ isoforms in mouse kidney
with a relative abundance in the following order:
a4>a2=a1>a3. Immunolocalization demonstrated
expression of all ‘a’ subunits in the proximal tubule
and in the intercalated cells of the collecting system.
In intercalated cells a1 and a4 isoforms appeared on
both the apical and basolateral side and were
expressed in all subtypes of intercalated cells. In
contrast, a2, and a3 were only found in the apical
membrane. a1 and a4 were colocalized in the same
cells with AE1 or pendrin, whereas a2 was only found
in AE1 positive cells but absent from pendrin
expressing intercalated cells. These results suggest
that vacuolar H+-ATPases containing different ‘a’
isoforms may serve specific and distinct functions and
may help explaining why loss of the a4 isoform causes
only dRTA without an apparent defect in the proximal
tubule.
Introduction
Vacuolar H+-ATPases (V-H+-ATPases) are
ubiquitously expressed multi-subunit complexes mediating
ATP-driven vectorial transport of protons across biological
membranes [1, 2]. The pH of many intracellular
compartments such as the lysosome, the Golgi apparatus,
secretory vesicles, and endosomes is regulated by vacuolar
H+-ATPase activity (i.e. acidification of the compartment)
[1]. The generation of an acidic intraorganellar pH is
essentiell for the function of these organelles in order to
maintain optimal enzyme function. In addition, vacuolar
H+-ATPases are localized in the plasma membrane of
specialized cells such as in kidney, epididymis or
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osteoclasts and mediate proton extrusion. In the kidney,
vacuolar H+-ATPases are involved in acid-base transport
in various nephron segments [3]. Vacuolar H+-ATPases
contribute to apical H+-extrusion necessary for HCO3- -
reabsorption in the proximal tubule as well as in the thick
ascending limb and distal tubule. In the connecting
segment, cortical collecting duct, outer medullary collecting
duct and initial inner medullary collecting duct, vacuolar
H+-ATPases are expressed in intercalated cells and
mediate H+-extrusion either into urine or blood,
respectively. Acid-extruding type A intercalated cells
express vacuolar H+-ATPases on the luminal side,
whereas bicarbonate-secreting non-type A intercalated
cells (i.e. type B and non-type A/B) express vacuolar
H+-ATPases on the basolateral and/or apical side.
Mutations in human genes encoding for the B1
(ATP6V1B1) and a4 (ATP6V0A4) subunits cause distal
renal tubular acidosis and underline the importance of
vacuolar H+-ATPases in urinary acid excretion and control
of systemic acid-base balance [3-5]. Vacuolar H+-
ATPases are comprised of two major parts, the cytosolic
V1 domain involved in ATP-binding and subsequent
hydrolysis, and the membrane-associated V0 domain
forming the proton translocation pore [1, 2]. Both parts
are connected through a stalk like structure. The ‘a’ subunit
(ATP6V0A1-4) of the V0 domain has recently received
special attention due to the fact that four isoforms of this
subunit exist and that at least two human diseases are
caused by mutations in two of these subunit isoforms
(ATP6V0A3 and ATP6V0A4). Mutations in ATP6V0A3
(a3) cause infantile malignant osteopetrosis due to the
fact that osteoclasts are the major site of expression of
this subunit isoform [6]. Expression of ATP6V0A4 (a4)
has to date only been found in kidney, epididymis, and the
inner ear [7-10]. Consequently, mutations in ATP6V0A4
(a4) are associated with distal renal tubular acidosis
(dRTA) combined in some cases with progressive hearing
loss leading to sensorineural deafness [5, 8, 11]. Recently,
we demonstrated that ATP6V0A4 (a4) is expressed in
human and murine kidney in the brush border membrane
of the proximal tubule, in the thick ascending limb and in
all types of intercalated cells along the collecting duct
[9]. Surprisingly, patients with mutations in the ATP6V0A4
gene show no obvious dysfunction of the proximal tubule
such as low molecular weight proteinuria or a proximal
type renal tubular acidosis. Thus, we hypothetized that
other isoforms of the ‘a’ subunit must be expressed in
the proximal tubule indicating that ‘a’ subunits may have
overlapping expression as well as specific sites of
localization with specialized functions.
Here we investigated the expression and localization
of all four isoforms of the ‘a’ subunit of the vacuolar H+-
ATPase in mouse kidney. Our results demonstrate that
all four isoforms are expressed in mouse kidney but show
differences in abundance and expression along the
nephron as well as in their subcellular localization. These
results suggest that proton pumps containing different ‘a’
isoforms are targeted to different subcellular
compartments and serve distinct functions.
Materials and Methods
Animals
Male C57BL/6J mice, approximately 12 weeks old, 25-30 g
body weight were kept under standard conditions with free
access to normal mouse chow and tap water ad libitum. All
studies were according the Swiss Laws of Animal Welfare and
were approved by the local veterinary authority, Zurich,
Switzerland.
Western blotting
Male C57BL/6J mice were anesthetized with ketamine/
xylazine i.p., sacrificed, and brain and kidneys rapidly harvested.
Kidneys were used either for the preparation of brush border
membrane vesicles or for total kidney crude membrane fraction.
Brush border membranes (BBM) from total kidneys were
prepared as described previously [12]. The final pellet was
resuspended in the same buffer as above at a concentration of
3-7 mg of protein/ml. Each preparation contained membranes
from both kidneys of each individual animal. Crude membrane
fractions were prepared as follows: After homogenisation in an
ice-cold K-HEPES buffer (200 mM mannitol, 80 mM K-HEPES,
41 mM KOH, pH 7.5) with pepstatin, leupeptin, K-EDTA, and
phenylmethylsulfonyl fluoride (PMSF) as protease inhibitors,
the samples were centrifuged at 1,000 g for 10 min at 4°C and
the supernatant saved. Subsequently, the supernatant was
centrifuged at 100,000 g for 1 h at 4°C and the pellet resuspended
in K-HEPES buffer containing protease inhibitors. After
measurement of the total protein concentration (Biorad), 20 µg
of brush border membrane or 50 µg of crude membrane protein
were solubilized in Laemmli sample buffer, and SDS-Page was
performed on 8% polyacrylamide gel. For immunoblotting, the
proteins were transferred electrophoretically from unstained
gels to PVDF-membranes (Immobilon-P, Millipore, Bedford,
MA, USA). After blocking with 5% milk powder for 60 min., the
blots were incubated with the primary antibodies (table 2) (rabbit
anti-mouse a1 serum 1:2000 (SY systems, Gottingen Germany),
rabbit anti-bovine a1 serum 1:2000 (friendly gift of Dr. Xie,
Dallas, TX, USA)[13], rabbit anti-bovine a2 1:2000 (identical
antigen sequence to mouse)(friendly gift of Dr. Xie, Dallas, TX,
USA) [13], rabbit anti-human a3 1:5000 (friendly gift of Dr.
Mattsson (AstraZeneca Sweden) [14], mouse monoclonal anti-
human a3 1:500 (ABNOVA, Taiwan) or rabbit anti-human a4
serum 1: 10,000 [15] and mouse monoclonal anti actin (42 kDa,
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Sigma) 1:500 either for 2 h at room temperature or overnight at
4°C. After washing off the primary antibody and subsequent
blocking, blots were incubated with the secondary antibodies
(donkey anti-rabbit 1: 10,000 and sheep anti-mouse 1:5000 IgG-
conjugated with horseradish peroxidase (Amersham Life
Sciences)) for 1 h at room temperature. Antibody binding was
detected with the enhanced chemiluminescence ECL kit
(Amersham Pharmacia Biotech, UK) before exposure to X-ray
film (Kodak). All films were scanned and analyzed using SCION
Imaging software.
Immunohistochemistry
C57BL/6J mice were anesthetized with ketamine and
perfused through the left ventricle with PBS followed by
paraformaldehyde-lysine-periodate (PLP) fixative [16]. Kidneys
were removed and fixed overnight at 4°C by immersion in PLP.
Kidneys were washed three times with PBS and 5 µm
cryosections were cut after cryoprotection with 2.3 M sucrose
in PBS for at least 12 h. Immunostaining was carried out as
described previously [9, 17, 18]. Briefly, sections were incubated
with 1% SDS for 5 min., washed 3 times with PBS and incubated
Table 1. Primer and probe sequences.
Sequences of primers (S: sense; AS:
antisense) and gene specific probes used
for real-time PCR. The accession number
of each mouse gene is given.
Table 2. Antibodies against ‘a’ subunit isoforms. Several antibodies directed against the four ‘a’
subunit isoforms were used. The peptide sequence used for immunization is given and amino acid
shaded in grey which are conserved between peptide and mouse sequence. The exact position of
the peptide within the ‘a’ subunit isoform protein sequence is given.
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with PBS containing 1 % bovine serum albumin for 15 min prior
to the primary antibody. The primary antibodies (rabbit anti-
mouse ATP6V0A1 (a1) (SY systems, Gottingen, Germany) 1:200,
rabbit anti-bovine ATP6V0A2 (a2) [13] 1:200, rabbit anti-human
ATP6V0A3 (a3) 1:200 [14] and mouse monoclonal anti-human
ATP6V0A3 (a3) (ABNOVA, Taiwan) 1:100, rabbit anti-
ATP6V0A4 (a4) serum 1: 1000 [15, 19], and goat anti human
AQP-2 (Santa Cruz, CA, USA) 1:100), guinea-pig anti-AE1
1:1000, and guinea-pig anti-pendrin 1:1000, were diluted in PBS
and applied either for 75 min at room temperature or overnight
at 4°C. Sections were then washed twice for 5 min with high
NaCl PBS (PBS + 2.7% NaCl), once with PBS, and incubated
with dilutions of the secondary antibodies (donkey anti-rabbit
586 (1:1000), donkey anti-mouse 488 (1:400), donkey anti-goat
488 (1:200) (Molecular Probes, Oregon, USA), donkey anti-
guinea-pig 488 (Jackson ImmunoResearch, West Grove, PA,
USA) 1:500, for 1 h at room temperature. Sections were again
washed twice with high NaCl PBS and once with PBS before
mounting with VectaMount (Vector Laboratories, Burlingame,
CA). Sections were viewed either with a Zeiss LSM 410 confocal
microscope or Leica CLSM confocal microscope. Images were
processed (overlays) using Adobe Photoshop.
Tubule isolation and real-time PCR
A) Tubule preparation and selection. C57BL/6J mice were
anesthetized with ketamine/xylazine and perfused through the
left ventricle with PBS containing 250 g/ml collagenase (Sigma
C-9891). The kidneys were rapidly removed and coronal slices
2-3 mm in thickness were cut and incubated in PBS/ collagenase
at 37°C for 15 min as described previously [19]. After rinsing
with ice-cold PBS for several times, the different nephron
segments were hand-dissected and transferred into lysis buffer.
B) RNA extraction, reverse transcription and PCR. Total
mRNA was extracted using the RNeasy Mini Kit (Qiagen, Basel,
Switzerland). RNA was bound to columns and treated with
DNase for 15 min. at 30ºC to reduce genomic DNA
Fig. 1. Relative abundance of mRNAs
encoding four different ‘a’ isoforms in mouse
kidney and brain. Real-time PCR was used
to quantify the relative amounts of mRNA
expression of the four known ‘a’ subunit
isoforms of the vacuolar H+-ATPase in mouse
kidney and brain. The Ct values were
normalized against the Ct values obtained
for GAPDH from the same preparation. The
a4 isoform was the major kidney isoform and
not expressed in brain. mRNA encoding for
the a1 and a2 isoforms was abundant both
in brain and kidney whereas only little mRNA
for the a3 isoform was detected. Data are
provided as mean ± SEM, n = 3.
contamination. Quantity and purity of total eluted RNA was
assessed by spectrometry. Each RNA sample was used
undiluted and 1µl put as template for reverse transcription using
the Taqman Reverse Transcription kit (Applied Biosystems,
USA). The thermal cycle conditions used were 25°C (10 min),
48°C (30 min) and 95°C (5 min). Primers and probes were
designed using Primer Express (Applied Biosystems, USA) and
purchased from Microsynth, Switzerland (table 1). The
specificity of the primers was tested using adult mouse kidney
mRNA by conventional PCR. Each pair of primers resulted only
in a single band of the expected size (data not shown). Probes
were labelled with the reporter dye FAM at the 5’ end and the
quencher dye TAMRA at the 3’ end. RT-PCR reactions were
performed using Taqman Universal PCR Master Mix (Applied
Biosystems, USA). 25 µl reactions were prepared using 1 µl of
RNA-template. 96-well Optical reaction plates and caps
(Applied Biosystems, USA) were used with the Plate type 7700
Single reporter dye. Thermal cycles were set at 50°C (2 min),
95°C (10 min) and then 40 cycles at 95°C (15sec) and 60 C
(1min). Each reaction was made in triplicates and the average
taken. Only results with less than 1 cycle difference were taken
into consideration. Cross point threshold (Ct value) was taken
as the earliest cycle number in the PCR amplification, when
fluorescence rises significantly above the background
fluorescence. Each gene was quantified using GAPDH as the
reference gene.
Data analysis
Each pair of primers and the corresponding probe were
tested for similar reaction efficiency. Reaction efficiency was
assessed from standard curves by making serial dilutions of
200 ng/l, 100 ng/l, 10 ng/l, 100 pg/l, 10 pg/l, and 1 pg/l of total
mouse kidney mRNA in 25µl real-time PCR reactions (in
triplicates). Standard curves were calculated for each gene.
Average cycle numbers were plotted against log quantity and
the slope calculated. The efficiency was calculated using the
Schulz/Dave/Stehberger/Chau/WagnerCell Physiol Biochem 2007;20:109-120
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following equation: Efficiency (E) = 10 (-1/Slope). Similar reaction
efficiencies were obtained for all primers and probes used and
were in the range of 2 – 2.5. The relative expression ratio (R) to
determine the relative quantification of the target gene in
comparison to the reference gene (GAPDH) was calculated
using: Ratio (R) = 2^(Ct.GAPDH – Ct.gene), where Ct is the
number of cycles at the threshold (Ct value), GAPDH the
reference gene and gene the different genes encoding ‘a’
subunit isoforms [20].
Results
RNA distribution of ‘a’ subunit isoforms in mouse
kidney and along the nephron
Real-time RT-PCR was used to assess the relative
abundance of mRNAs of all four ‘a’ known subunit
isoforms in mouse kidney. Mouse brain was included as
Fig. 2. Distribution of mRNA encoding for the four ‘a’ subunit isoforms along the mouse nephron. Mouse kidneys were
dissected and single nephron segments identified and isolated. mRNA was isolated and used for real-time PCR testing for
expression of mRNA for the four ‘a’ isoform subunits and GAPDH as control gene. Ct values obtained for the ‘a’ subunit isoforms
were normalized against the Ct values for GAPDH and against the abundance found in total kidney. Mean ± SEM are from three
independent experiments.
a control and all values expressed relative to the
abundance of GAPDH mRNA (Fig. 1). In kidney, only
little mRNA encoding for the a3 isoform was found, about
four- to six-fold more mRNA for the a1 and a2 isoforms,
respectively. mRNA for the a4 isoform was most
abundant, about two-fold higher levels than a1 mRNA
were observed. In mouse brain, a1 was the most abundant
isoform as described previously [21, 22], only little mRNA
of the a2 and a3 isoforms was found (Fig. 1). No a4
mRNA could be detected in mouse brain as previously
described [7, 10].
To further assess the distribution of mRNAs of the
‘a’ isoforms along the mouse nephron, real-time RT-PCR
was performed on isolated dissected mouse nephron
segments (Fig. 2). mRNA for the a1 isoform was found
along the entire nephron with higher levels in the early
proximal tubule (S1 segment) than in the straight proximal
Differential Localization of H+-ATPases Cell Physiol Biochem 2007;20:109-120
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tubule (S3 segment). In the collecting duct similar levels
were seen in cortical collecting duct (CCD) and outer
medullary collecting duct (OMCD) and highest levels in
the inner medullary collecting duct (IMCD). In contrast,
mRNA levels of the a2 isoform were similar in all
segments tested. a3 mRNA abundance followed a similar
pattern as a1 mRNA with more mRNA in the S1 than in
the S3 segment and relatively high levels in the IMCD.
a4 mRNA was the predominant RNA found in the
collecting duct with very high abundance in the CCD. As
described previously by RT-PCR, a4 mRNA was present
in all nephron segments tested [9]. Overall, relative mRNA
levels of the a3 isoform were the lowest in all segments
whereas a4 mRNA was most abundant in all nephron
segments further underlining that a4 is the major ‘a’ isoform
in kidney.
Expression of ‘a’ subunit isoforms
Western blotting was performed to assess the
specificity of the antibodies against the different ‘a’ subunit
isoforms and confirm expression also on protein level
(Fig. 3). In a first set of experiments, equal concentrations
of a crude membrane fraction prepared from total kidney
or total brain was tested. Specific antibodies against the
four ‘a’ subunit isoforms recognized a band of the expected
size between 110 and 120 kDa in kidney and brain for the
a1 isoform and for the a2 and a4 isoforms in kidney. No
band was detected for a3 in kidney and no bands for a2,
a3 and a4 in brain. Brush border membrane was prepared
to enrich proteins expressed in the proximal tubule brush
border and a1, a2, and a4 could be detected in this
preparation. Again, no band could be detected for a3.
Identical results were obtained for a1 with two different
Fig. 3. Immunoblotting for ‘a’ subunits
in kidney. (A) Total membranes prepared
from kidney and brain (50g/lane) were
loaded and probed with antibodies
against the different ‘a’ subunits and
actin as loading control. Specific bands
of approximately 110-120 kDa were seen
for a1 in kidney and brain, and for a4 in
kidney (arrow). (B) Renal brush border
membrane (20g/lane) was loaded and
tested with the same antibodies against
the four ‘a’ subunits and actin. Single
specific bands were detected for a1, a2,
and a4.
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antibodies (data not shown). Of note, the apparent
molecular size of the a2 isoform seems to be smaller than
of the a1 and a4 isoforms. Possible differences in
glycosylation may explain the lower molecular size. These
results suggest that the a1, a2, and a4 isoforms are
expressed in the brush border membrane of proximal
tubules in mouse kidney. The abundance of the a3 isoform
may be too low to be detected with our antibodies.
Fig. 4. Localization of the a1 subunit isoform in mouse kidney.
(A) Localization of a1 in the brush border membrane of the S1
segment (S1). (B) a1 staining is observed on the apical and
baslateral membrane of intercalated cells in the CCD. (C,D)
Colocalization of a1 (red) with the type A intercalated cell specific
marker AE1 (green) in the same cells in the OMCD. However,
AE1 is basolateral, whereas a1 staining is observed in the apical
membrane. (E,F) Colocalization of a1 (red) with the type B
intercalated cell specific marker pendrin (green) in the same
cells of the CNT (E) and at higher magnification in the CCD (F).
In the CNT a1 is diffuse or apical, in the CCD a1 can be found
in the basolateral membrane of pendrin positive cells. Original
magnifications: A, C: 400 x; B, E: 600 x; D, F: 850 x.
Fig. 5. Localization of the a2 subunit isoform in mouse kidney.
(A) Localization of a2 in the brush border membrane of the
proximal tubule with a higher intensity of staining in the S3
segment. G glomerulum, S1 early proximal tubule, S3 late proximal
tubule. (B) a2 staining in the late proximal tubule (C) Higher
magnification of a2 staining in the late proximal tubule shows a
broad band of staining including the brush border membrane
and subapical compartment. (D) Colocalization of a2 (red) with
the type A intercalated cell specific marker AE1 (green) in the
same cells in the OMCD. AE1 is basolateral, whereas a2 staining
is observed in the apical membrane. (E) No colocalization of a2
(red) with the type B intercalated cell specific marker pendrin
(green) could be observed. Original magnifications: A, B: 400 x;
C, E: 630 x; F: 800 x.
Localization of ‘a’ isoforms along the nephron
Immunostaining was performed with the same
antibodies using mouse kidney sections. Antibodies against
the AQP-2 water channel were always included as a
specific marker for principal cells in the collecting duct.
Using pre-immune serum or incubation of antibodies with
the respective immunizing peptide did not result in any
staining for neither antibodies used (data not shown).
Differential Localization of H+-ATPases
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Fig. 6. Localization of the a3 subunit isoform in
mouse kidney. (A) a3 subunit isoform related staining
(red) was detected in the brush border membrane of
the proximal tubule with highest intensity in the S1
segment. Strong staining was also seen in all
intercalated cells of the CNT, principal cells were
counterstained against the AQP2 water channel
(green). (B) Higher magnification of a3 staining in the
brush border membrane of the proximal tubule. (C) a3
staining (red) of intercalated cells in the OMCD,
principal cells were counterstained against the AQP2
water channel (green). Original magnifications: A, C:
400 x; D: 800 x.
Fig. 7. Localization of the a4 subunit
isoform in mouse kidney. (A) a4 staining
was seen in the brush border membrane
of the proximal tubule. G glomerulum, S1
early proximal tubule. (B) In the CCD, a4
localized to apical or basolateral
membranes of intercalated cells. (C)
Colocalization of a4 (red) with the type A
intercalated cell specific marker AE1
(green) in the same cells in the CCD. AE1
is basolateral, whereas a4 staining is
observed in the apical membrane (insert).
Some cells are stained for a4 but are
negative for AE1 representing type B
intercalated cells. (D) a4 (red) is
expressed in type A intercalated cells of
the OMCD, principal cells were
counterstained against the AQP2 water
channel (green). (E-G) Localization of a4
(red) in the CNT in pendrin (green)
positive B intercalated cells. Merged in
panel G. Original magnifications: A, C, D:
400 x, B: 800 X, E-G: 630 x.
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Localization of the a1 isoform
Staining for the a1 isoform was detected in the brush
border membrane of the proximal tubule being more
intensive in the early proximal tubule (S1 segment) than
in the late proximal tubule (S3 segment) consistent with
the distribution of a1 mRNA. Weak immunostaining was
observed in the thick ascending limb and the early distal
tubule, whereas strong staining was seen in the
intercalated cells of the late distal tubule, connecting
segment and cortical collecting duct. In the intercalated
cells of the outer medullary collecting duct and initial inner
medullary collecting staining was present but appeared
weaker. Very weak staining was also seen in principal
and inner medullary collecting duct cells positive for AQP-
2 immunostaining. In the CNT and CCD all intercalated
cells were positive for a1 staining. Intercalated cell staining
was either associated with the apical compartment, diffuse
or even bipolar, i.e. apical and basolateral as reported
previously for the a4 isoform. Therefore, we tested
localization of a1 together with specific markers of type
A (AE1) and non-type A (pendrin) intercalated cells. a1
staining was found in both cell types, in AE1 or pendrin
positive cells (Fig. 4 C-F). In AE1 positive cells a1 staining
was always apical, whereas in pendrin expressing cells,
a1 was either apical (CNT), cytoplasmic (CNT + CCD),
or basolateral (CCD). Thus, the a1 isoform is found in all
subtypes of intercalated cells and can be associated with
apical or basolateral H+-ATPase complexes.
Localization of the a2 isoform
a2 immunostaining was detected in the apical
compartment of the proximal tubule and appeared
strongest in the late proximal tubule (Fig. 5 A-C). At higher
magnification antibodies against a2 stained a broad band
including the brush border membrane and the part of the
subapical compartment consistent with a possible
localization in endosomes as reported recently [23]. a2
staining was also found in intercalated cells in the CNT,
CCD, and OMCD and was always associated with the
luminal compartment (Fig. 5 D). Staining of intercalated
cells was most prominent towards the outer and inner
medulla. Colocalization studies with AE1 as marker for
type A intercalated cells and pendrin as marker of non-
type A intercalated cells demonstrated staining of AE1
positive cells. No or only weak staining was detected in
cells positive for pendrin. Also a2 related staining was
absent from AQP2 positive principal cells.
Localization of the a3 isoform
The intensity of staining for the a3 isoform was very
weak in the brush border membrane of the proximal tubule
and showed a gradient from the early proximal tubule to
the late proximal tubule (Fig. 6). a3 staining was strongest
in the intercalated cells of the connecting segment and
cortical collecting duct and was present in all intercalated
cells. However, a3 staining appeared only on the apical
side of intercalated cells, in some intercalated cells in the
CCD are more diffuse pattern was seen. Basolateral
staining of intercalated cells in the CCD could not be
observed.
Localization of the a4 isoform
Immunostaining for the a4 subunit was as described
previously [7, 9]. Briefly, a4 staining was found in the
brush border membrane of proximal tubules with a
gradient from the S1 to the S3 segment (Fig. 7).
Furthermore, a4 staining was present in the thick
ascending limb and the early distal tubule. In the late distal
tubule, CNT, CCD, OMCD, and initial IMCD, all subtypes
of intercalated cells were strongly positive for a4. a4
staining was observed in cells positive either for AE1 or
pendrin. In the intercalated cells in the CCD different
types of subcellular localization were seen with apical,
basolateral, bipolar and diffuse patterns as described
previously for a4 and other vacuolar H+-ATPase subunits
[9, 24, 25]. In the CNT, OMCD and IMCD, a4 staining
was only on the apical side of intercalated cells.
Discussion
Here we report the differential expression and
localization of all four known ‘a’ subunits of the vacuolar
H+-ATPase in mouse kidney. Real-time PCR
demonstrates that mRNA for all four isoforms is found in
total kidney with the a4 isoform being the most abundant
and the a3 isoform the least expressed. Furthermore, the
mRNA distribution of all four subunits revealed distinct
patterns suggesting that the site of highest expression may
relate to cell-specific functions. The a2 subunit showed a
rather uniform distribution along the nephron on mRNA
level but not on protein level where the intensity of staining
was much stronger in the late proximal tubule than in the
early parts. A role of the a2 isoform in acidification of
endosomes has recently been shown [23]. This may point
to a house-keeping function and a role in acidification of
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intracellular organelles. In contrast, mRNA for the a4
isoform showed a peak of expression in the collecting
duct and its protein is found in all subtypes of intercalated
cells there. Together with the fact that patients carrying
mutations in the ATP6V0A4 gene encoding for the a4
subunit show only distal renal tubular acidosis, it strongly
suggests that the a4 isoform is critical for the normal
function of intercalated cells. Our findings may also explain
why ATP6V0A4 deficient patients do not show an overt
proximal tubular dysfunction. We found high abundance
of the a1 isoform mRNA in the proximal tubule as well
as low abundance of the a3 isoform mRNA. Both, a1
and a3 protein, were detected by immunohistochemistry
in the brush border membrane of the proximal tubule
similar to a4. Thus, loss of the a4 isoform in the brush
border membrane of the proximal tubule may be at least
in part compensated by the a1, a2, and to a lesser extent
by the a3 isoforms. However, examination of proximal
tubules from ATP6V0A4 mutated patients or atp6v0a4
deficient mice may clarify this in future.
Interestingly, patients with mutations in the
ATP6V0A3 gene (a3 isoform) suffer from a severe form
of osteopetrosis and no renal phenotype has been reported
from these patients [6, 26-28]. The renal phenotype, if
present, may be very mild, as a1, a2, and a4 isoforms
may be able to compensate for loss of a3 function in
these patients as indicated by our expression results.
In intercalated cells, vacuolar H+-ATPases can be
present in the apical membrane of type A intercalated
cells or in the basolateral membrane of non-type A
intercalated cells [29, 30]. During acidosis or alkalosis,
the polarized localization of H+-ATPases becomes even
more pronounced [9, 24] indicating that regulated
processes underlie the polarized distribution and insertion
of H+-ATPases into opposite membranes [3]. In fact, it
has been shown that the B1 subunit contains a PDZ-
binding motif that allows interaction of this subunit with
the PDZ-binding protein NHERF-1 which is found only
in non-type A intercalated cells but not in type A
intercalated cells [31]. Thus, it was proposed that this
interaction between the B1 subunit and NHERF-1 may
be important for the polarized distribution of H+-ATPases.
However, in mice deficient for NHERF-1, the polarized
distribution of the B1 and other H+-ATPase subunits is
not seemingly different (own unpublished observation)
suggesting that NHERF-1 is not essential for this process.
The finding that in intercalated cells only the a1 and a4
isoform were detected in basolateral membranes whereas
all four isoforms could be detected in the apical membrane
may point to a novel role of the a1 and particularly the a4
subunit in the polarized distribution of H+-ATPases in
intercalated cells. Similarly, studies in yeast and osteoclasts
demonstrated that H+-ATPases containing different ‘a’
subunit isoforms localize either to different intracellular
organelles or reside in the cell membrane [32, 33]
suggesting that ‘a’ subunit isoforms may be involved in
targeting of H+-ATPases to specific membrane domains.
In addition, the coupling efficiency between ATP-
hydrolysis and proton pumping differed in yeast pumps
containing different ‘a’ isoforms [33]. Such differences,
however, have not been shown in mammalian cells up to
date.
During metabolic acidosis, the activity of apical H+-
ATPases is increased both in the proximal tubule as well
as in acid-secretory type A intercalated cells [3]. Indeed,
immunolocalization of the a4 isoform has previously
demonstrated increased luminal labelling in type A
intercalated cells in animals subjected to metabolic
acidosis with NH4Cl-loading [9]. Preliminary data show
that under these conditions no increase in mRNA
encoding any of the ‘a’ isoforms can be found in total
mouse kidney. Moreover, expression of the a1 and a4
isoforms in the brush border membrane may be enhanced
suggesting increased membrane localization under this
condition (Chau and Wagner, unpublished observations).
Thus, a physiological condition associated with increased
H+-ATPase activity induces selective recruitment of H+-
ATPases containing only two of the ‘a’ isoforms
expressed in the proximal tubule indicating selective and
isoform specific regulation.
In summary, we present the first description of the
expression and distribution of all four ‘a’ subunit isoforms
in kidney and demonstrate that isoform specific patterns
of cellular and subcellular distribution along the nephron
and in proximal tubular cells as well as in intercalated
cells exist. This differential localization may be important
for the specific regulation of subsets of H+-ATPases
containing a specific ‘a’ isoform. The elucidation of the
exact role of these isoforms will require the establishment
of cell or animal models lacking specific ‘a’ isoforms.
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